We aimed to elucidate the molecular nature of the seed-shattering habit of weedy rice Oryza sativa L. in Okayama Prefecture, Japan, which seems to be an "off-type" of the main rice varieties in Okayama. We performed time-course analyses of breaking tensile strength (BTS) and analyzed the histological features of pedicels; we also genotyped the seed-shattering genes qSH1 and sh4 of weedy rice accessions and rice cultivars. The BTS of weedy accessions and cultivars began to decrease simultaneously at three weeks after heading. The weedy accessions showed complete loss of BTS and grain dispersal at five weeks after heading. In contrast, the cultivars maintained a certain degree of BTS and did not exhibit grain dispersal. Pedicel structures, which affect BTS, differed between the weedy accessions and the cultivars. The weedy accessions had complete and cracked abscission layers, while the cultivars had incomplete and uncracked abscission layers; however, the qSH1 and sh4 sequences that influence the formation of the abscission layer showed no differences between the weedy accessions and cultivars. We surmise that the shattering habit of weedy rice in Okayama is caused by formation and degeneration of the abscission layer, mediated by unidentified shatteringrelated gene(s).
Introduction
Weedy rice is a serious problem in countries that use direct seeding in rice cultivation (Delouche et al. 2007) . Weedy rice is similar to cultivated rice, both morphologically and in its response to herbicides, making its elimination from fields difficult (Hoagland and Paul 1978) . Furthermore, it results in yield reduction due to field infestation and in quality loss caused by contamination of the rice harvest (Delouche et al. 2007 , Federici et al. 2001 , Hoagland and Paul 1978 . In Japan, weedy rice accessions with a red and white pericarp are found in Nagano and Okayama Prefectures, respectively. Most of the weedy rice accessions in both prefectures are highly seed shattering (Ishii and Akazawa 2003 , Sakai and Saito 2003 , Ushiki 2005 .
The weedy rice accessions in Okayama are found in dry, direct-seeded rice fields where the rice cultivars, "Akebono", "Kibinohana" and "Omachi" are cultivated. Weedy rice accessions in this area are classified into two types, japonica and indica. The japonica weedy accessions resemble specific cultivars, such as "Akebono", "Kibinohana", "Omachi" and "Asahi" Akazawa 2003, Ushiki et al. 2005) , except for their shattering habit. We analyzed the genotypes of 15 sets of sequence-tagged site (STS) markers in 27 weedy accessions and 88 main rice cultivars in Japan. The results indicated a close similarity between japonica weedy accessions and the cultivars Akebono, Asahi and Omachi (Akasaka et al. 2009 ). We concluded that japonica weedy rice in Okayama is a rice cultivar "off-type" that harbors genetic mutation(s) that promote a strong seed-shattering habit. The genetic mechanisms underlying the strong seed-shattering habit of weedy rice, which causes rice de-domestication, are unknown.
Conventional genetic analyses and recent quantitative trait loci (QTL) analyses among cultivated and wild rice have suggested that the gene loci for seed shattering mapped to all chromosomes, except for chromosome 10 ( Bres-Patry et al. 2001 , Cai and Morishima 2000 , Eiguchi and Sano 1990 , Fukuta et al. 1994a , 1994b , Fukuta and Yagi 1998 , Ji et al. 2006 , Konishi et al. 2006 , Li et al. 2006 , Nagai et al. 2002 , Nagao and Takahashi 1963 , Oba et al. 1990 , Thomson et al. 2003 , Xiong et al. 1999 . Recently, the riceshattering genes, qSH1 (Konishi et al. 2006 ) and sh4 (Li et al. 2006) , which influence the formation of abscission layers in pedicels, have been isolated. It was suggested that the functional nucleotide polymorphisms (FNPs) associated Communicated by H. Kitano Received April 7, 2010 . Accepted March 14, 2011 with the seed-shattering habit are located in the promoter region of the qSH1 gene and in a coding region of the sh4 gene (Fig. 1A, 1C) , according to histological studies on the pedicel structure of near isogenic lines (NILs) and transgenic lines that carry genetic regions, including functional alleles (Konishi et al. 2006 , Li et al. 2006 . Thus, both histological and genetic analyses can clarify the mechanism(s) of the shattering habit of weedy rice in Okayama.
This study aimed to elucidate the seed-shattering mechanism(s) of weedy rice in Okayama by analyzing the differences in the shattering habit between weedy rice accessions and rice cultivars. The following studies were performed to accomplish this aim: (1) measurement of time-course changes in the seed-shattering degree after heading; (2) histological analysis of pedicel structure; and (3) genetic analyses of functional polymorphisms in the shattering genes qSH1 and sh4.
Materials and Methods

Plant materials
The five weedy rice accessions (AC6, AC11, AC14, AC17 and AC22) and five rice cultivars (Akebono, Asahi, Kibinohana, Omachi and Nipponbare) used in this study were from the Okayama Prefectural General Agricultural Center. Each weedy rice accession resembles a particular rice cultivar in phenotype and genotype, as shown in Table 1 ( Ushiki et al. 2005 , Akasaka et al. 2009 ).
Time-course change in seed-shattering degree
The evaluation of the seed-shattering degree was based on the breaking tensile strength (BTS), that is, the force required to pull a grain away from a pedicel. The Shattering Habit Tester Model TR-II (Fujiwara Scientific Company, Kyoto, Japan), devised by Ichikawa et al. (1990) , was used to measure the BTS. Primary tillers of the weedy rice accessions and the rice cultivars were examined every three days after heading (DAH) until harvest time (five weeks after heading). Forty to sixty sets composed of a grain and pedicel from each accession/cultivar were examined to measure the BTS at each time point.
Histological analysis of pedicel structure
The pedicel structures of two rice cultivars (Akebono and Omachi) and two weedy rice accessions (AC11 and AC14) were examined at three and 27 DAH. The pedicels of each cultivar/accession were fixed in FAA solution (ethanol : acetic acid : formalin : water = 60 : 5 : 5 : 30) and treated with aqueous hydrogen fluoride for more than seven days. Paraffinembedded longitudinal pedicel sections (8 µm thick) were placed on a glass slide. The sections were stained with toluidine blue after paraffin removal. After staining, the pedicel structures were examined using a MICROPHOT-FXA-2 microscope (Nikon Corporation, Tokyo, Japan).
Genotyping of qSH1 and sh4 regions
Genomic DNA from the five rice cultivars and the five weedy rice accessions (Table 1) was extracted from the leaves during their tilling stages, using the CTAB method. The FNP in the qSH1 gene (Fig. 1A ) was analyzed using a set of cleaved amplified polymorphic sequence (CAPS) markers described by Konishi et al. (2008) . The FNP in the sh4 gene and the coding regions of qSH1 and sh4 were analyzed as follows. Polymerase chain reaction (PCR) was carried out using an iCycler (Bio-Rad). Eight primers (qSH1-1F, CGCAGTAAAACAAGGGAAGA; qSH1-1R, AAAGCACATGCAACCACAGT; qSH1-2F, GGCAATTT TGTTTGCCTGTG; qSH1-2R, GTGTCACGTACTACTG ATCA; qSH1-3F, CTTTGCTTGGATATTCGCCA; qSH1- 3R, ACATTTGGTAGGATCACCTC; sh4-F, TAGCATTG CACCAAAGTCTA; sh4-R, AATGCACCGTACTCCCA ATA) were designed using sequences from the DNA Data Bank of Japan (DDBJ), with accession nos. AP004127 (qSH1) and AL606619 (sh4) (Fig. 1B, 1C) . PCR was performed in a 25 µL volume containing 0.25 µL Prime STAR HS DNA polymerase (2.5 u/µL; TaKaRa), 12.5 µL of 2× Prime STAR GC buffer, 2 µL of 2.5 mM dNTP mixture, 0.5 µL of 10 µM each primers, and 2 µL template DNA (10 ng/µL). The amplification profile was as follows: 30 cycles of 10 s denaturation at 98°C, 5 s annealing at 50°C (qSH1) or 48°C (sh4), and 5 min extension at 72°C. The amplified PCR products were analyzed by direct sequencing with an ABI 3100 capillary sequencer (Applied Biosystems).
Results
Time-course change in seed-shattering degree The changes in the seed-shattering degree of weedy rice and rice cultivar were measured over time (Fig. 2) . The weedy rice accessions maintained a BTS of more than 130 gf until 21 DAH (beginning of the seed maturation stage). The BTS then decreased rapidly, and the weedy rice accessions showed spontaneous seed shattering at 36 DAH (harvesting time). In comparison, the BTS of the cultivated rice also began to decrease at 21 DAH; however, the BTS remained above 40 gf until harvest time, and spontaneous seed shattering was not observed. A typical temperate japonica cultivar, Nipponbare, maintained a BTS of more than 160 gf until harvest time, and its seeds were not easily threshed by hand crushing.
Histological analysis of pedicel structure Fig. 3 shows representative longitudinal pedicel sections from weedy rice accessions (AC11 and AC14) and rice cultivars (Akebono and Omachi). Abscission layers were observed in the pedicels of all tested accessions/cultivars at 3 DAH (Fig. 3A, 3C , 3E, 3G). The weedy rice accessions formed complete abscission layers that extended to the vascular tissue. The abscission layers of weedy rice were disorganized at 3 DAH (Fig. 3C, 3G ) and more severely cracked at 27 DAH (Fig. 3D, 3H ). On the other hand, the rice cultivars formed incomplete abscission layers that did not reach the vascular tissue (Fig. 3A, 3E ). Disorganization was not observed in the abscission layers of the rice cultivars (Fig. 3A, 3B, 3E, 3F ).
Genotyping of qSH1 and sh4 regions
The FNP sites in two shattering genes-qSH1 and sh4 (Fig. 1A, 1C )-were analyzed (Konishi et al. 2006 , Li et al. 2006 in the weedy rice accessions and rice cultivars ( Table 2 ). All five weedy rice accessions carried a shattering allele at qSH1 and a non-shattering allele at sh4. Four rice cultivars in Okayama also carried a shattering allele at qSH1 and a non-shattering allele at sh4. Only Nipponbare carried non-shattering alleles at qSH1 and sh4 ( Table 2) .
The qSH1 coding sequences (Fig. 1B) of the five weedy rice accessions and four rice cultivars were identical to those of Nipponbare [data not shown; refer to Konishi et al. (2006) and DDBJ accession no. AL606619)].
Novel mutations in the first exon of sh4 (for the nucleotide and amino acid sequences of sh4, refer to DDBJ accession no. DQ383372) were found in two of the five weedy rice accessions, AC6 and AC11. AC6 carried a missense substitution, g539a (Arg180His), while AC11 carried a missense c223g substitution (Leu75Phe) (Fig. 1C) . The other weedy rice accessions (AC14, AC17 and AC22) and the five rice cultivars in Okayama did not have these mutations. The mutations found in AC6 and AC11 were also not found in wild rice accessions and rice cultivars in the DDBJ (accession nos. DQ383371, DQ383373, DQ383375-DQ383414, and DQ421812-DQ421814). 
Discussion
Correlation between changes in seed-shattering degree and pedicel structure in weedy rice and rice cultivar
The results of the BTS and histological analyses revealed that changes in the formation of abscission layers underlie the differences in the shattering degree between the weedy rice accessions and rice cultivars in Okayama, particularly after 21 DAH, the beginning of the seed maturation stage (Fig. 2) . The weedy rice accessions formed complete abscission layers (Fig. 3C, 3G) , and the cells that formed the abscission layer disorganized before harvesting (Fig. 3D,  3H) ; their BTS decreased beyond the limit of detection, and they showed spontaneous seed dispersal at harvest time, 36 DAH (Fig. 2) . On the other hand, the rice cultivars Akebono and Omachi had incomplete (Fig. 3A, 3E ) and uncracked (Fig. 3B, 3F ) abscission layers; they maintained a certain degree of BTS and did not exhibit spontaneous seed shattering at harvest time (Fig. 2) . Only Nipponbare did not show a decrease in BTS. It has been reported that Nipponbare does not form abscission layers (Konishi et al. 2006) ; this suggests that the lack of change in the BTS of Nipponbare may be related to the absence of abscission layers. A correlation between the seed-shattering degree and the formation of abscission layers has previously been reported (Ebata et al. 1990 , Fukuta et al. 1994a , 1994b , Jin et al. 1982 , 1986 , 1992 , Konishi et al. 2006 , Li et al. 2006 . Differences in the formation and cell disorganization of the abscission layer were observed between the weedy rice accessions and the rice cultivars observed at 3 DAH; however, there was no significant difference in BTS before 21 DAH; this indicated that the differences are not solely attributable to the differences in abscission layer formation. Ebata et al. (1990) examined rice pedicels using an electron microscope and suggested that vascular tissue and sclerenchymatous fibers support the grain after the abscission layers have cracked.
The lag observed between the BTS changes and the formation of abscission layers is most likely due to the sustaining strength of the pedicel structures, such as vascular tissue and sclerenchymatous fibers. A precise definition of pedicel structures may reveal the cause of the temporal gap between the decrease in BTS and the formation of abscission layers.
Correlation between shattering genes and pedicel structure in weedy rice and rice cultivar Genotypic analysis of the shattering genes qSH1 and sh4 revealed that the shattering genotypes were identical between the weedy rice accessions and rice cultivars in Okayama ( Table 2 ). The qSH1 alleles (Fig. 1A) of the weedy rice accessions and the rice cultivars were functional alleles ( Table 2 ). The sequences of the qSH1 coding regions in the accessions and cultivars (Fig. 1B) were identical (data not shown). It is therefore proposed that the functional qSH1 allele is also associated with the formation of abscission layers in both the weedy rice accessions and rice cultivars (Fig. 3) ; however, the differences in the formation of the abscission layer between the weedy rice accessions and rice cultivars (Fig. 3 ) cannot be attributed to the qSH1 allele. On the other hand, the sh4 alleles (Fig. 1C ) of all weedy rice accessions and the rice cultivars were nonfunctional alleles ( Table 2 ). The sequences of two exons of sh4 in three weedy rice accessions-AC14, AC17 and AC22-corresponded with those of the five rice cultivars (data not shown). The difference in the shattering habit of these three weedy accessions from that of rice cultivars cannot be ascribed to the sh4 allele. Missense mutations were found in the coding regions of sh4 in two weedy rice accessions-AC6 and AC11 (Fig. 1C) . The Sh4 gene is identified as an Myb domain. The FNP corresponds to the change in amino acid residue from lysine to asparagine, in the DNA-binding motif (Li et al. 2006 , Lin et al. 2007 ). The single nucleotide substitution of AC11 also changed the amino acid residue from leucine to phenylalanine in the DNA-binding motif. It is necessary to verify that these missense mutations on the sh4 gene are able to cause the conversion of sh4 from a nonfunctional to a functional gene (especially in the case of AC11) by analyzing transgenic plants carrying these genetic regions; however, these data indicate that the sh4 gene does not affect the shattering habit of weedy rice in Okayama because missense mutations were found in only two of the five accessions. These results suggest that hitherto unidentified gene(s) related to the formation and disorganization of abscission layers influence the shattering habit of weedy rice in Okayama.
In summary, the seed-shattering habit of weedy rice in Okayama is the product of multiple genetic effects caused by (1) a shattering allele of the qSH1 gene, (2) unidentified gene(s) that are also associated with the formation of complete abscission layers, and (3) unidentified gene(s) associated with the disorganization of abscission layers. The genetic region(s) associated with abscission layer disorganization are likely to be the key to understanding the seed-shattering habit of weedy rice in Okayama. To elucidate the genetic region(s) of the seed-shattering habit of the weedy rice, it is necessary to carry out QTL analyses of F 2 progeny of a cross between weedy rice and rice with an abscission layer different from weedy rice, such as Kasalath, which has incomplete and stable abscission layers (Konishi et al. 2006) . Recently, several new sequencing technologies, called next-generation sequencing systems, have been established that allow rapid and inexpensive acquisition of genome-wide DNA sequence information (Mardis 2008) . Comparative genomics between weedy rice and rice cultivar in Okayama by next-generation sequencing systems may deduce the genetic regions responsible for the seed-shattering habit of weedy rice. 
